The objective of this study was to simulate the movements of the bones involved in human forearm rotation. We developed a biomechanical arm model comprising bone, muscle, and ligament components. Computed tomography (CT) scans of a human arm were used to determine the morphology of the humerus, ulna, radius, and hand bones. Magnetic resonance (MR) images were used to create muscle spring models simulating the pronator teres, pronator quadratus, and supinator muscles. Twenty-seven ligaments connecting the bone components were approximated by wire models. We also created several ligament rupture models by eliminating some of the 27 ligaments. Ligaments were removed according to the following four stages: Stage a-I, only dorsal triangular fibrocartilage complex (TFCC); Stage b-I, only palmar TFCC; Stage II, both dorsal and palmar TFCC; Stage III, both dorsal and palmar TFCC plus distal interosseous membrane. In the complete 27-ligament model and in the ligament rupture models, the forearm was rotated to 90° supination and 85° pronation for comparison. In supination, the rupture of the palmar TFCC (Stage b-I) caused a larger difference between the two types of models than the rupture of the dorsal TFCC (Stage a-I). The distal radioulnar joint instability and radial laxity occurred for Stage III rather than Stage II. The distal radioulnar joint was more stable and radial laxity was less pronounced during pronation in the presence of the pronator quadratus muscle than during supination in the absence of this muscle. These findings were in good accord with previous study results.
Introduction
The elbow joint plays an important role in activities of daily living, sports, and work. Extension and flexion of the arm and forearm rotation (i.e., pronation and supination) are the major motions of the elbow joint (1) . Pronation is the act of turning the palm downward, while supination is the act of turning the palm upward. In a previous study (2) , the authors reported a biomechanical arm model capable of elbow flexion and extension; this model consisted of three bones, three muscles, and 17 ligaments. We used this model to simulate unstable joint behavior associated with ligament rupture and demonstrated the utility of digital human modeling. In this study, we expand the arm model and create a new model capable of forearm rotation. Forearm rotation mainly involves two bones (the radius and ulna). When the elbow joint is in the neutral unrotated position (i.e., at 90° of elbow flexion with the thumb pointing upward), the two bones are nearly parallel to each other. As the forearm rotates, the radius rolls around the ulna. Thus, forearm rotation necessitates articulation of two joints, namely, the proximal and distal radioulnar joints. In the proximal radioulnar joint, the radial head articulates with the radial notch of the ulna, and this articulation is held together by the annular ligament of the radius and the quadrate ligament of Dènucé. The radius rotates back and forth along the ulna, with the perfect congruency between the radial head and the radial notch of the ulna being supported by the annular ligament. In the distal radioulnar joint, the ulnar notch of the radius meets with the cylindrical head of the ulna, and the two are held together by the distal radioulnar ligaments. The distal radius rotates around the ulnar head during pronation and supination. Therefore, the distal radius crosses the ulna during pronation.
The pronator teres muscle, pronator quadratus muscle, and radial flexor muscle primarily serve to pronate the forearm (3) (4) . In this study, we focused on the pronator teres and quadratus muscles to simulate pronation from the neutral unrotated position to the maximum angle. The key muscles that supinate the forearm include the biceps brachii muscle and supinator muscle (3) (4) . Here, we focused on the supinator muscle to simulate supination movements with the elbow extended. Baseball, tennis, and other sports are known to cause injuries to the triangular fibrocartilage complex (TFCC) which is a supporting tissue in the forearm. The TFCC is a group of ligaments that absorb impact between the forearm and wrist bones. The TFCC is composed of the triangular fibrocartilage located at the ulnar side of the wrist and surrounding ligaments (5) . Specifically, the TFCC includes the dorsal distal radioulnar ligament, palmar distal radioulnar ligament, palmar ulnolunate ligament, anterior stylopisiform bundle, posterior stylotriquetral bundle, and other components. TFCC injuries lead to unstable forearm rotation and decreased grip strength. Clinically, injuries to the interosseous membrane of the forearm seldom occur in isolation (1) ; it is often accompanied with injury to the TFCC and annular ligament of the radius (1) (6) . These observations suggest that ligament ruptures proceed in a step-wise manner. The objective of this study was to simulate the movements of the bones involved in human forearm rotation. We developed a biomechanical arm model comprising bone, muscle, and ligament components. Computed tomography (CT) scans of a human arm were used to determine the morphology of the humerus, ulna, radius, and hand bones. Magnetic resonance (MR) images were used to create muscle spring models simulating the pronator teres, pronator quadratus, and supinator muscles. Twenty-seven ligaments connecting the bone components were approximated by wire models. The accuracy of the constructed virtual model was evaluated by comparing the simulation results with MR images of the human arm at different angles of forearm rotation. We also created several ligament rupture models that reflected a step-wise progression of ligament tear. These ligament rupture models were used to analyze the kinematic behavior of the ulna and radius resulting from joint injury.
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to its commencement.
Bone Model
Multislice CT images (1 mm slice thickness) were taken of the right arm section distal to the head of the humerus with the elbow extended and the neutral unrotated position (Somatom Definition, Siemens). The plane of the slice was perpendicular to the long axis of the bone. The resulting CT images were processed using an image-extraction software (Surf Driver 4.0, David Moody and Scott Lozanoff), and the margins of cortical bone and muscle tissue were visually determined. The margins identified from the CT images were stacked along the long bone axis to construct a bone model (7) . The bone model was composed of the humerus, radius, ulna, and hand bones, including the carpal bones (Fig. 1) . As each of the small bones constituting the hand does not specifically influence forearm rotation, they were treated as a single functional unit. 
Muscle Spring Model
First, the three-dimensional geometries of the muscles were digitized from MR images (muscle models). Then, the muscle models were used to determine the points of action and muscle tensions, and the data were used to construct a muscle spring model.
The muscle models were generated as below. Multislice MR images were taken of the right arm distal to the humeral head with the elbow extended and in the neutral unrotated position (3-mm slice thickness, MAGNETOM Avanto A Tim System, Siemens). The plane of the slice was perpendicular to the long axis of the bone. The pronator teres and quadratus muscles were selected as the key muscles regulating forearm pronation, and the supinator muscle was selected as the primary muscle regulating forearm supination (8) (9) . These muscles are firmly attached to the bone at both ends. The proximal and distal points of attachment are termed an origin and an insertion, respectively. In a manner similar to the delineation of the bone margin, the image-extraction software was used to visually determine the margins of the muscles, and the images were stacked along the long axis to create models for each muscle (Fig. 1) . Anatomical reference images and information were used to determine the accurate geometries of individual muscles (10) . The pronator teres muscle mediates forearm pronation. This muscle arises from two points of origin. One is broadly located proximal to the medial epicondyle of the humerus, and the other is a narrow point located inside the coronoid process of the ulna. In this study, the former (i.e., the humeral site) was used as the origin. This muscle has a narrow point of insertion in the middle of the lateral surface of the radius. The pronator quadratus muscle also regulates forearm pronation. This muscle originates from a broad area in the most distal quarter of the anterior ulna, and ends in a broad area in the most distal quarter of the anterior radius. The supinator muscle is involved in forearm supination. This muscle starts from the lateral epicondyle of the humerus, radial collateral ligament, radial annular ligament, and supinator crest of the ulna. In this study, the lateral epicondyle of the humerus was selected as the origin for simulation purposes. The point of insertion is located at the proximal lateral edge Vol. 8, No. 3, 2013 Journal of Biomechanical Science and Engineering Next, the muscle spring model was created as described below. Muscle contraction draws the origin and insertion of the muscle closer. This mechanism enables the radius to roll around an axis of rotation. Therefore, the mechanism of muscle contraction was reasonably approximated by a biomechanical model in which a fixed spring with a spring constant was attached to the bone components at the points of origin and insertion. For muscles with a narrow point of origin or insertion, the point was defined as the point of application of force in the spring model. In this study, the point of insertion for the pronator teres muscle and the point of origin for the supinator muscle were determined in this manner. Other sites of origin and insertion were broad. To overcome this problem, we determined the surface areas of overlap between the muscle and bone models, and the center of gravity of the overlapping area was defined as the point of application of spring force. A muscle spring model created in this manner is schematically illustrated in Fig. 2 .
The spring constant was selected based on the maximum tension of each simulated muscle. The contraction force is proportional to the length of the hypothetical muscle spring; when the length of the muscle spring is equal to zero, so is the contraction force. Figure 3 graphically illustrates the relations between the muscle spring length and the angle of forearm rotation. The muscle spring lengths slightly decrease with the increase in the angle of forearm rotation, but they are almost constant. The contraction force of a muscle is known to be proportional to its physiological cross-sectional area, which is the sum of the cross-sectional areas of the muscle fibers. The physiological cross-sectional area can be determined on the basis of muscle volume, fiber length, and pennation angle, as shown below. The muscle models constructed from MR scans ( Fig. 1 ) were used to calculate the volume V and length t of the muscle. The ratios of muscle length to muscle fiber length given in the literatures for each muscle (11) ~ (13) were applied to the calculated muscle lengths t to estimate muscle fiber lengths t'. The pennation angles θ for the muscles were taken from the literature (4) . The physiological cross-sectional area was determined by equation (1) (14) :
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The maximum muscle force per unit physiological cross-sectional area of 48 N/cm 2 was taken from the literature (15) . Consequently, the maximum forces of 189, 75, and 150 N were determined for the pronator teres, pronator quadratus, and supinator muscles, respectively. Next, the spring constants for the pronator teres and quadratus muscles were determined so as to render the contraction force ratio of these muscles at 85° pronation substantially equal to the ratio of the maximum muscle force values. The spring constant for the supinator muscle was set at a value below the maximum force to allow for a slow rotation.
Ligament Wire Model
Ligaments connect bones to other bones and help to stabilize joints. Ligaments restrict the range of motion, thereby playing an important role in motor function. In this study, ligaments were approximated by wire model attached to the bone components (Figs. 4, 5, 6) . The ligaments involved in forearm rotation can be roughly classified into the ligaments of the elbow joint, interosseous membrane of the forearm, distal radioulnar joint ligaments, and carpal ligaments.
The ligaments of the elbow joint can generally be divided into the medial collateral ligament and lateral collateral ligament complex (1)(16) (17) . The medial collateral ligament is located at the medial aspect of the elbow, and unites the distal aspect of the humerus and the proximal aspect of the ulna. This consists of the anterior oblique ( of the medial epicondyle of the humerus and has a fan-shaped insertion onto the trochlear notch of the ulna. The transverse ligament is attached to the medial aspect of the trochlear notch of the ulna. As this ligament arises from and inserts on the ulna, its contribution to elbow joint stability is minimal (18) . Consequently, this ligament was excluded from our model. The lateral collateral ligament complex is composed of the annular ligament of the radius, Dénucé's quadrate ligament, radial collateral ligament (proper), lateral ulnar collateral ligament, and accessory posterior annular ligament. The annular ligament of the radius (Fig. 4b, 3 ) embraces the radial head, restricting the movement of the radial head. The origin and insertion of the annular ligament occur on the anterior and posterior surface of the radial notch of the ulna, respectively. Dénucé's quadrate ligament (not shown in Fig.  4b ) is found between both ends of the annular ligament of the radius, attached to the inferior border of the radial notch of the ulna and to the neck of the radius. The radial collateral ligament (Fig. 4b, 4) originates from the lateral epicondyle of the humerus and terminates on the annular ligament of the radius, and gradually increases in width. The lateral ulnar collateral ligament (Fig 4b, 5) , indistinguishable from the lateral collateral ligament at its
Journal of Biomechanical Science and Engineering (Fig. 4b, 6 ) connects to the inferior border of the annular ligament of the radius and to the supinator crest of the ulna. The interosseous membrane of the forearm can be divided into the oblique cord (Fig.  5a, 7 ) and two groups of bundles. The anterior group includes the proximal bundle (Fig. 5a,  8 ), middle descending bundle (Fig. 5a, 9) , and distal descending bundle (Fig. 5a, 10 ), while the posterior group includes the proximal ascending bundle (Fig. 5b, 11 ) and distal ascending bundle (Fig. 5b, 12 ). The oblique cord connects the ulna and the radius, and originates from the radial notch of the ulna and inserts below the radial tuberosity. The anterior and posterior groups of bundles confine the proximal and distal movement of the radius, respectively.
The distal radioulnar joint ligaments include the anterior ligament (Fig. 5a, 13 ), posterior ligament (Fig. 5b, 14) , palmar radioulnar ligament (Fig. 5a, 15) , and dorsal radioulnar ligament (Fig. 5b, 16 ). The anterior and posterior ligaments connect the anterior and posterior aspects, respectively, of the distal ends of the radius and ulna. The palmar and dorsal radioulnar ligaments are thin membranes extending between the corresponding surfaces on the palmar and dorsal aspect of the distal radioulnar articulation, respectively. These ligaments enable a stable forearm rotation by limiting radial movement.
The carpal ligaments are classified into palmar and dorsal ligaments (1) . The lateral collateral ligament consists of palmar and dorsal bundles, and the medial collateral ligament is composed of the anterior stylopisiform bundle and posterior stylotriquetral bundle. The palmar ligaments include the anterior bundle of the radial carpal collateral ligament (Fig.  6a, 17) , radio-capitate ligament (Fig. 6a, 18 ), anterior radio-lunate bundle (Fig. 6a, 19 ), anterior radio-triquetral bundle (Fig. 6a, 20) , anterior stylo-pisiform bundle (Fig. 6a, 21) , and anterior ulno-lunate ligament (Fig. 6a, 22) . The dorsal ligaments include the posterior stylo-triquetral bundle (Fig. 6b, 23 ), posterior radio-triquetral bundle (Fig. 6b, 24) , posterior radio-lunate bundle (Fig. 6b, 25) , and posterior band of the radial carpal collateral ligament (Fig. 6b, 26 ). These ligaments connect carpal bones to the radius and ulna and contribute to the reinforcement of the distal radioulnar ligaments by connecting the radius and ulna indirectly.
On 
Simulation Conditions

Creation of an Arm Model
An arm model integrating the bone, muscle spring, and ligament wire models was created using a three-dimensional modeling and animation software (3ds MAX 9, Autodesk). The spring contraction force was set at values below the maximum muscle tension. In the initial state, the elbow was extended and the forearm rotation was neutral. The humerus was fixed in a virtual space. For pronation, the supinator muscle was removed from the model, and the springs simulating the pronator teres and quadratus muscles were contracted from the initial state. For supination, the pronator teres and quadratus muscles were removed from the model, and the spring simulating the supinator muscle was contracted from the initial state.
Ligament Rupture Model
In order to investigate the effects of ligament rupture on forearm rotation, ligament rupture models were created by eliminating specific ligaments from the complete ligament model. As explained in the Introduction, the TFCC and interosseous membrane of the forearm play a role in stabilizing the forearm joints. In addition, injuries to the interosseous membrane of the forearm do not usually occur in isolation; they are commonly accompanied with TFCC damage. These observations suggest a sequential progression of Vol. 8, No. 3, 2013 Journal of Biomechanical Science and Engineering Therefore, in order to investigate the effects of ligaments on forearm rotation, we removed (ruptured) a part of the ligaments in a stepwise manner from the complete ligament model which has all the ligaments and investigated the stability of forearm rotation of each ligament rupture model. We defined a sequence for removing the ligament wires (a pattern for the progression of ligament rupture affecting forearm rotation), considering the above-mentioned ligament rupture.
As shown in Fig. 7 , the respective stages of ligament rupture were as follows: Stage a-I involved ruptures of the dorsal TFCC, i.e., the dorsal radioulnar ligament (Fig. 5b, 16 ) and the posterior stylotriquetral bundle (Fig. 6b, 23 ). Stage b-I related to ruptures of the palmar TFCC, i.e., the palmar radioulnar ligament (Fig. 5a, 15 ), anterior stylopisiform bundle (Fig.  6a, 21) , and anterior ulnolunate ligament (Fig. 6a, 22 ). Stage II included ruptures of both the palmar and dorsal TFCC (a combination of Stage a-I and Stage b-I injuries). Stage III involved, in addition to the Stage II injuries, the ruptures of the distal interosseous membrane complex, i.e., the middle descending bundle (Fig. 5a, 9 ), distal descending bundle (Fig. 5a, 10 ), distal ascending bundle (Fig. 5b, 12 ), anterior ligament (Fig. 5a, 13) , and posterior ligament (Fig. 5a, 14 ).
Evaluation Methods
Evaluation of the Complete Ligament Model
In order to evaluate the validity of the complete ligament model, we obtained 3-mm multislice MR images of the subject's forearm rotated at the following angles: neutral (0°); 30°, 60°, and 90° of supination; and 30°, 60°, and 90° of pronation. During image acquisition, the elbow joint was completely stretched, and the forearm rotation angles were achieved by using a fixation device. The upper arm was securely pressed to the chest to prevent shoulder joint rotation. Similar to the creation of the bone models, the resulting scans were used to construct three-dimensional images of the humerus, radius, and ulna at different forearm rotation angles. These images provided data on the locations of the bones for each forearm rotation angle. Geometric differences between these images and the simulation models were calculated to determine simulation accuracy.
In order to determine the relative geometric differences between the measured and simulated data, landmark points of the radius were used for evaluation. Specifically, midpoint of the ulnar notch (Fig. 5b, i ) and styloid process (Fig. 5b, ii) were selected for distal sections, and fovea of the radial head (Fig. 4, iii) as proximal section.
In order to calculate the positional differences and rotational angles, a local Cartesian coordinate system for locating the locations and orientations of the ulna and radius was established (Fig. 8) . The origin was set at the center of the ulnar head surface. The Z-axis was defined as the direction from the fovea of the radial head to the center of the ulnar head (axis of rotation). The Y-axis was defined as perpendicular to the Z-axis and intersecting the line connecting the fovea of the radial head and the styloid process (radioulnar direction). The X-axis was defined as a direction perpendicular to X-and Y-axes and pointing from the dorsal to the palmar side (dorsal-palmar direction). The angles of forearm rotation were determined relative to the line connecting the center of the ulnar head and the radial styloid process at 0° of rotation. The coordinates of the respective landmark points were determined relative to the coordinate system at the predefined angles of forearm rotation.
Evaluation of the Ligament Rupture Model
In order to evaluate the effects of ligament rupture, we focused on the radius of rotation and the position of center of rotation as follows. The radius of rotation was defined as the distance between the center of the ulnar head and a point defined by the intersection of plane P and line L. Plane P included the center of the ulnar head and was perpendicular to the line connecting the fovea of the radial head and the center of the ulnar head. Line L passed through the fovea of the radial head and the radial styloid process (the radius of rotation is designated as r in Fig. 8 ). The center of rotation was defined by the intersection of the XY-plane of the local coordinate system and a line connecting the fovea of the radial head and the center of the ulnar head.
Results
Differences between MR-Based Measurement and Simulation of Forearm Rotation
The differences between the MR-based measurements and simulation results were determined at different forearm rotation angles, and the results are graphically represented relative to the MR-based measurements in Figure 9 . In supination, the largest difference of 3.9 mm was observed at 90° for the radial styloid process (ii). In pronation, the largest difference of 5.0 mm was observed at 85° for the radial styloid process (ii). The differences were generally greater for the distal sections than for the proximal section.
Behavior of the Joints in the Ligament Rupture Model
Vol. 8, No. 3, 2013 Using the ligament rupture model, we simulated the behaviors of the joints under stage-III ligament rupture at 90° supination and 85° pronation, and the results are schematically illustrated in Figure 10 . The distal radioulnar joint was dislocated at 90° supination (Fig. 10a) . In contrast, no dislocation was observed for the distal radioulnar joint at 85° pronation, indicating a relatively smooth rotation (Fig. 10b) . The observed difference can be explained by the presence of the pronator quadratus muscle, which constrained the laxity of the distal radioulnar joint in pronation.
Effects of Ligament Rupture Patterns on the Radius and the Position of Center of Rotation
The differences in the radius and the position of center of rotation between the complete 27-ligament model and the ligament rupture models were determined at 90° supination and 85° pronation, and the results are summarized in Table 1 for the respective stages of ligament rupture pattern. No major differences were noted either in the radius of rotation or in the position of center of rotation in Stage a-I injuries (dorsal TFCC rupture only). In Stage b-I (palmar TFCC rupture only), a large difference in the position of center of rotation was observed for supination, although no significant differences in the radius of rotation were noted for either supination or pronation. These results indicate that in supination, the palmar TFCC without the dorsal one leads to small differences from the complete ligament model than does the dorsal TFCC without the palmar one. In Stage II (ruptures of the dorsal and palmar TFCC), the results were relatively similar to those obtained in Stage b-I in supination. In pronation, a moderate increase was noted in the center of rotation. In Stage III (ruptures of the dorsal and palmar TFCCs and distal interosseous membrane), the differences during supination were larger than those observed in Stage II, while the differences in the position of center of rotation during pronation showed only a mild increase from those in Stage II.
These results show that the palmar TFCC helps to stabilize the distal radioulnar joint in supination. These results also indicate that the pronator quadratus muscle and the distal interosseous membrane prevent widening of the radioulnar distance. Our findings indicate that forearm rotation will be secured as long as the pronator quadratus muscle and the distal interosseous membrane function properly, even if the dorsal and palmar TFCC are disrupted.
Discussion
The maximum difference between the MR-based measurements and computer-based simulations was no more than about 5 mm. Similar degrees of difference were reported in our previous work (2) . Considering that the MR slice thickness was 3 mm, the differences were probably attributable to the errors produced in constructing the simulation models. The differences were small for the fovea of the radial head (iii) (proximal), as this part was located close to the axis of rotation. In contrast, the radial styloid process (ii) (distal) was located at a farther distance from the ulna, and had a greater range of motion, which might lead to the increased difference. These differences may account for the differences observed between the radial styloid process (ii) and the fovea of the radial head (iii). However, no inadequate component behaviors, such as dislocation or insufficient range of rotation, were noted in the complete ligament model. Thus, this arm model which enables simulation of forearm rotation can be applied to the evaluation of ligament functions in forearm rotation. Palmer classified TFCC injuries into traumatic lesions (Class 1) and degenerative lesions (Class 2) (20) . He further divided traumatic lesions into four subgroups by location.
Class 1A lesion relates to a tear or perforation of the horizontal portion of the TFCC and is therefore unrelated to distal radioulnar joint instability. Class 1B lesions represent traumatic avulsions of the TFCC from its insertion into the distal ulna. This subgroup and the subsequent ones involve distal radioulnar joint instability. Class 1C lesions represent avulsions of the TFCC from its distal attachment to the lunate or triquetrum. Class 1D lesions represent traumatic avulsions of the TFCC from its attachment to the radius, including injuries to the distal radioulnar ligament. Among the ligament tear patterns investigated in the present study, Stage II was related to Palmer Class 1B to 1D. Melone and Nathan described TFCC injuries as a continuum of injury beginning at the ulnar styloid and classified them into five basic stages of increasing severity (21) . Stage In the present study, the distal palmar and dorsal radioulnar ligaments were simulated by using a single wire, respectively. Our simulation showed that the distal palmar radioulnar ligament becomes taut at maximum supination to sustain the stability of the distal radioulnar joint. This finding agrees with the results of several studies using cadaver wrist specimens (22) ~ (24) . This biomechanical simulation study provided new evidence supporting the results of in vitro studies concerning the role of distal radioulnar ligaments in stabilizing the distal radioulnar joint. Although controversial, several authors proposed to divide the distal portion of the palmar and dorsal radioulnar ligaments into superficial and deep segments and to assign them different roles in rotation (25) (26) . More specifically, the superficial and deep fibers of the palmar radioulnar ligament become taut and relaxed, respectively, at maximum supination, whereas the superficial and deep fibers of the dorsal radioulnar ligament become relaxed and taut, respectively, at maximum pronation. In this study, this deep fiber structure was not introduced and the above-mentioned phenomena could not be investigated. If the deep fiber structure was considered in our arm model, it might function as a backup for the joint stability and provide more stable results.
A comparison of Stage II and Stage III results shows that distal radioulnar joint instability and radial laxity were more pronounced after distal interosseous membrane ruptures (Table 1 and Fig. 10 ). In supination, the radius and the position of center of rotation in Stage III was 14 mm and 20 mm larger than those in Stage II, respectively. This observation indicates that the distal interosseous membrane plays a significant role in stabilizing the distal radioulnar joint. Hotchkiss et al. showed that the interosseous membrane functions to stabilize the distal radioulnar joint by constraining the radius (6) .
Kihara et al. demonstrated that dissection of both the distal palmar and dorsal radioulnar ligaments did not compromise distal radioulnar joint stability when the interosseous Vol. 8, No. 3, 2013 membrane was intact (27) . Watanabe et al. showed that the distal interosseous membrane constrained laxity of the radius at the distal radioulnar joint (28) . Our study supports these previous findings. Our simulation showed that the distal radioulnar joint was more stable and radial laxity was less pronounced during pronation in the presence of the pronator quadratus muscle than during supination in the absence of this muscle (Table 1 and Fig. 10) . At Stage III, the radius and the position of center of rotation during supination was 16 mm and 23 mm larger than those during pronation, respectively. This finding indicates that the pronator quadratus muscle is also important in stabilizing the distal radioulnar joint. In a study using fresh cadaver upper extremities, Kihara et al. serially cut the dorsal and palmar radioulnar ligaments, pronator quadratus muscle, and interosseous membrane, and measured the radial displacements generated by the procedure (27) . Specifically, the ablations proceeded in the following order: (i) dorsal radioulnar ligament or palmar radioulnar ligament, (ii) remaining radioulnar ligament, (iii) distal interosseous membrane and pronator quadratus muscle, and (iv) remaining part of the interosseous membrane. The results showed that whereas disruption of the dorsal and palmar radioulnar ligaments did not significantly impact the stability of the distal radioulnar joint, disruption of all four components (i.e., dorsal radioulnar ligament, palmar radioulnar ligament, pronator quadratus muscle, and interosseous membrane) caused instability of the joint. Similarly, King et al. demonstrated that the pronator quadratus muscle served to stabilize the distal radioulnar joint (29) . These results are in good accord with those of the present study. We showed that the TFCC, distal interosseous membrane, and pronator quadratus muscle contribute to the stabilization of the distal radioulnar joint. It has been reported that the extensor carpi ulnaris tendon sheath (30) and the distal radioulnar joint capsule (31) also function as stabilizers. In future, adding these factors to the present model will enable clinical conditions to be simulated more precisely.
Conclusion
In this study, we developed an arm model comprising bone, muscle, and ligament components. CT scans of a human arm were used to determine the morphology of the humerus, ulna, radius, and hand bones. MR images were used to create muscle spring models simulating the pronator teres, pronator quadratus, and supinator muscles. Twenty-seven ligaments connecting the bone components were approximated by wire models. The accuracy of the constructed virtual simulation model was evaluated by comparing the results with MR images of the human arm at different angles of forearm rotation. Then, the simulation model was used to analyze bone kinematics at different levels of ligament rupture. Consequently, the following conclusions were obtained: (1) The largest differences between MR-based measurements and arm model simulation were 3.9 mm in supination and 5.0 mm in pronation, and both were observed for the distal styloid process of the radius. The MR slice thickness (3 mm) may have significantly contributed to these differences. The complete ligament model showed no dislocation or other abnormal behaviors. (2) The ligament rupture model showed that in supination, the palmar TFCC without the dorsal one (Stage a-I) leads to small differences from the complete ligament model than does the dorsal TFCC without the palmar one (Stage b-I). This observation supports previous in vitro studies demonstrating that the distal palmar radioulnar ligament became taut at maximum supination to sustain the stability of the distal radioulnar joint. (3) In the ligament rupture model,the distal radioulnar joint instability and radial laxity were more pronounced after distal interosseous membrane ruptures (Stage III) than ruptures of dorsal and palmar TFCC (Stage II).
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